We have developed an in vitro system for studying the interaction of chick dorsal root ganglion neuronal growth cones with a localized source of nerve growth factor (NGF) covalently conjugated to polystyrene beads. Growth cones rapidly turned and migrated under NGF-coated beads in a process that involved the initial formation of persistent contact with a bead, followed by directed flow of cytoplasm toward the point of contact. A role for the local activation of the high-affinity NGF receptor trkA was suggested by a strong inhibition of the turning response by (1) the addition of an antibody against the extracellular portion of trkA, (2) the elevation of the background concentration of NGF to saturate trkA, or (3) the presence of a concentration of the drug K252a that inhibits trkA activation. NGF binding to the pan-neurotrophin receptor p75 is also involved but is not required for turning. These data show a new role for both the trkA and the p75 receptors: the mediation of local events in the guidance of nerve growth cones.
The machinery for nerve fiber guidance and morphogenesis resides in the fiber terminus, called the growth cone (Mitchison and Kirschner, 1988; Letourneau et al., 1991) . Growth cones sample their environment using filopodial and lamellar protrusions, and when these structures detect positive or negative guidance cues, growth cones steer toward or away from the cue (Oakley and Tosney, 1993; Gomez and Letourneau, 1994; Fan and Raper, 1995; Kuhn et al., 1995; Goodman, 1996) . During such interactions, cytoskeletal rearrangements redirect growth cone migration (Bentley and O'Connor, 1994; Lin et al., 1994; Tanaka and Sabry, 1995; Challacombe et al., 1996) .
Neurotrophins have several roles in neuronal development, ranging from regulation of cell survival to stimulation of nerve fiber elongation and sprouting (Farinas and Reichardt, 1996; Henderson, 1996) . Nerve growth factor (NGF) was the first identified neurotrophin (Heumann, 1994; Henderson, 1996) . In addition to mediating neuronal survival and other retrograde interactions between neurons and their targets, NGF may locally regulate axonal morphogenesis (Hoyle et al., 1993; Campenot, 1994; Kennedy and Tessier-LaVigne, 1995; Berninger and Poo, 1996) . In vitro substratum-bound NGF and gradients of soluble NGF can direct elongating dorsal root ganglion (DRG) axons (Letourneau, 1978; Gundersen and Barrett, 1979; Gundersen, 1985) . In vivo, sympathetic axons abundantly innervate sites of NGF overexpression or inf usion (Menesini-Chen et al., 1978; Hassankhani et al., 1995) . Evidence suggests that NGF is not responsible for long-range axonal guidance (L umsden and Davies, 1983; Davies et al., 1987) . However, roles for NGF in axonal guidance are suggested by the early production of neurotrophins in targets of DRG and sympathetic axons (Ebendal and Persson, 1988; Hallbook et al., 1995) , by cells along their trajectories (Mearow et al., 1993; Elkabes et al., 1994) , and by the expression of neuronal NGF receptors before axons reach their targets (Mu et al., 1993; Wyatt and Davies, 1993; Hallbook et al., 1995) .
It is unknown which NGF receptors mediate local responses to NGF (Dobrowsky et al., 1994; Kaplan and Stephens, 1994; Barbacid, 1995; Greene and Kaplan, 1995) . After binding NGF, the high-affinity trkA receptor (ϳ1 ng/ml K d ) (Weskamp and Reichardt, 1991) undergoes dimerization followed by autophosphorylation and a signaling cascade (Barbacid, 1995) . The p75 receptor binds NGF with lower affinity (ϳ40 ng/ml K d ) (Weskamp and Reichardt, 1991) and activates a different signaling pathway (Dobrowsky et al., 1994) . The p75 receptor may also potentiate the interaction of trkA with NGF (Barker and Shooter, 1994; Huber and Chao, 1995; Wolf et al., 1995) . NGF-responsive DRG neurons express up to 20 times more cell surface p75 receptors than trkA receptors (Weskamp and Reichardt, 1991; Meakin and Shooter, 1992) . p75 is called the pan-neurotrophin receptor, because it binds several neurotrophins (Barbacid, 1995) .
We now present an in vitro system for studying growth cone guidance by a localized source of neurotrophins. We covalently bound NGF to polystyrene beads and studied the response of DRG growth cones to contact with the beads. After contacting an NGF-coated bead, most growth cones turned and migrated toward the bead in a response that requires the local activation of the high-affinity NGF receptor, a novel role for trkA. The data also support a role for the p75 NGF receptor in the turning response.
MATERIALS AND METHODS
Cell culture. L umbosacral DRG were dissected from embryonic day 9 -11 white Leghorn chicken embryos and dissociated using 0.25% crude trypsin in C a 2ϩ /Mg 2ϩ -free PBS, pH 7.89, followed by mechanical trituration (L uduena, 1973) . C ells were then suspended in F12 serum-free medium (Life Technologies, Grand Island, N Y) supplemented with 0.4 mg /ml sodium pyruvate, 20 nM progesterone, 5 ng /ml sodium selenite, 10 mM phosphocreatine, 5 mg /ml insulin, 100 mg /ml transferrin, 5 mg /ml bovine serum albumin, and 0.05-15 ng /ml ␤ NGF, and buffered with H EPES. (NGF was obtained from R & D Systems, Minneapolis, M N; all other additives were obtained from Sigma Chemical, St. L ouis, MO). C ell suspension (1 ml) was then placed on a heat-sterilized coverslip mounted over a 22 mm hole drilled into the bottom of a 35 mm tissue culture dish. Before culturing, glass coverslips were coated with 50 g /ml fibronectin (Life Technologies) for 16 -24 hr at 4°C. Cultures were incubated in a humidified C O 2 -free chamber at 40°C for 16 -24 hr.
Reagents. K252a and K T5926 were obtained from Biomol Research Laboratories (Plymouth Meeting, PA). Solutions (200 mM) were prepared in DMSO and stored at 0°C. Solutions were made fresh on the day of use. NGF was purchased from R & D Systems and diluted to the final concentration required by individual experiments from a 5 mg/ml stock solution, kept at Ϫ20°C, on the day of use. Brain-derived neurotrophic factor was a gift of Dr. E. Brewster (Regeneron, N Y) and stocked as a 5 mg /ml solution at 2°C. Polyclonal anti-L1 was generously provided by Dr. Vance Lemmon, C ase-Western Reserve University (Letourneau and Shattuck, 1989) .
Preparation of NGF-coated beads. The carbodiimide method (Polysciences, Warrington, PA) was used to covalently couple proteins (NGF and cytochrome-C) to 10-m-diameter polystyrene carboxylated beads. C ytochrome-C type V I was from Sigma, and beads and buffers were obtained from Polysciences. The protein -bead coupling procedure was performed at room temperature. C arboxylated beads (2.5%; 0.5 ml; containing ϳ2.27 ϫ 10 7 beads) was washed twice with 1.5 ml of carbonate buffer, after which beads were washed twice with 1.5 ml phosphate buffer. For these and subsequent steps, washing refers to centrif uging the bead suspension for 5 min in a microcentrif uge (Costar, model 10) followed by the removal of the supernatant and resuspension of the bead pellet. Freshly prepared 2% carbodiimide (0.625 ml) (Sigma) phosphate buffer solution was then used to resuspend the beads, followed by mixing for 4 hr using a rotary shaker. The beads were then washed with 1 ml borate buffer three times and finally suspended in 1 ml of borate buffer containing 50 g of NGF and allowed to mix on a rotary shaker overnight. The next day, 50 ml of 0.25 M ethanolamine (Sigma) in borate buffer was added to the bead suspension and mixed for 30 min at room temperature. Beads were then pelleted, and the supernatant was stored at 0°C for determination of the amount of NGF that had not bound to the beads. Beads were then washed in 1 ml of borate buffer containing 10 mg of bovine serum albumin, and the suspension was mixed for 30 min on a rotary shaker. This step was then repeated. For storage purposes, the beads were washed and suspended in 0.5 ml of storage buffer and stored at 2°-4°C.
V ideomicroscopy. Cultures were placed on an inverted microscope (IM-35, C arl Z eiss, Thornwood, N Y) under an air curtain incubator (ASI 400, C arl Z eiss) that maintained the temperature of the medium at a constant 40°C. Growth cones were visualized with phase-contrast optics, and images were sent to a computer using a Newvicon video camera (NC -65, Dage-MTI, Michigan C ity, I N). Image enhancement and morphometric measurements were performed using IM AGE 1 software (Universal Imaging, West Chester, PA) running on a 486/33 M Hz computer (Gateway 2000, North Sioux C ity, SD). Averaged (16 frames collected over 0.5 sec) and digitally contrast-enhanced images were obtained every 30 sec and stored on optical disks (TQ-F H331, Panasonic Industrial, Secaucus, NJ) using an optical disk recorder (TQ-3038F, Panasonic Industrial).
Data collection and anal ysis. Cultures were grown overnight in the desired final concentration of NGF (0.05-100 ng /ml). Beads were prepared in medium containing the desired final concentration of NGF and added to the culture, resulting in ϳ4 beads/100 m 2 . The beads were allowed to settle for 30 min, and the cultures were then inspected for growth cones in the vicinity of one or more beads. After the addition of beads, with or without pharmacological blocking agents or antibodies, each culture was used for a period of up to 3 hr. Recording of the interaction between a growth cone and a bead was initiated before initial contact. Observation ended when one of the following criteria was met:
(1) the C -domain of the growth cone (distal edge of the phase dark portion of the growth cone) had migrated under the bead and was migrating out from the bead beyond the point of first contact, or (2) the C -domain of the growth cone had not migrated underneath the bead and had extended past the bead. Only growth cones that were not turning at the time of first contact were used for data collection, thereby preventing a source of sampling bias. Once an apparent filopodial or lamellar contact with the bead had occurred, the angle at which the interaction took place (␣) was determined by drawing a line connecting the apparent center of the growth cone's C -domain to the point of contact with the bead and measuring the angular displacement of this line from the main nerve fiber axis. The main nerve fiber axis was defined as the line connecting the center of the C -domain with a point in the middle of the nerve fiber shaft 10 m behind the growth cone. The angle at which the growth cone migrated was then determined by noting the center of the C -domain when observation was terminated and drawing a line connecting this point with the point marking the center of the C -domain when the interaction had begun and expressing the angle (␤) relative to the same axis used to determine ␣. If multiple contacts were made by a growth cone, only the ␣ angle of the first contact was noted. All annotations of growth cone behavior (e.g., nerve fiber axis, angles ␣ and ␤) during interactions with beads were made on sheets of acetate laid over the monitor's screen. This also allowed us to mark the position of the bead to determine whether the bead had moved during the interaction.
A turn was defined as a movement of the growth cone's C -domain that placed it underneath the bead. A reorientation of the growth cone was defined as a displacement of the C -domain toward the bead that did not result in the placement of the C -domain underneath the bead, which by the end of the observation resulted in the C -domain being located past the bead but not beneath it. Determination of the position of the C -domain during the interaction also allowed us to discriminate whether the growth cone turned by lateral displacements of the growth cone versus the engorgement of growth cone lamellipodia or filopodia by cytoplasmic flow from the C -domain.
Regardless of the type of bead, or the result of the interaction with the bead, in ϳ50% of growth cone interactions (NGF ϭ 47%; cyto-C ϭ 46%), the beads were picked up and transported onto the growth cone's surface. If a bead was picked up before any growth cone movement occurred, the growth cone was observed until it had migrated at least as far as the distance between its original position at the time of bead pick-up and the position of the bead before pick-up. If growth occurred in the direction of the bead's previous location, then the interaction was considered to have resulted in a turning response by the growth cone (Fig. 1) .
Immunoc ytochemistr y. Actin filaments were stained using fluoresceinconjugated phalloidin (Molecular Probes, Eugene, OR). Indirect immunofluorescence was conducted using bivalent polyclonal rabbit primary antibodies to the extracellular domains of trkA, which we called C TA, and p75 (Chex; the gift of Dr. L. Reichardt, University of C alifornia at San Francisco), and secondary goat anti-rabbit antibodies conjugated to rhodamine (Jackson Immunoresearch, West Grove, PA) . DRG cultures (18-to 24-hr-old) were fixed with 4% paraformaldehyde containing 0.04% glutaraldehyde. After a 15 min fixation, the cells were rinsed with calcium and magnesium-free PBS (C M F-PBS), exposed to 1 mg /ml sodium borohydride (Sigma) for 15 min and then rinsed in C M F-PBS. In primary experiments, we found that not extracting the cells increased the staining on nerve fibers and growth cones. Phalloidin (1 U/100 ml) and the primary antibodies (C TA, 10 -100 g /ml; Chex, 7-70 g /ml) were diluted in C M F-PBS containing either a 1% C arnation nonfat dry milk solution for Chex (MS, Nestle Food Company, Glendale, CA) or 20% goat serum (GS, IC N, Costa Mesa, CA) for the trkA antibodies and applied to cells for 45 min. After this, the cells were rinsed first in C M F-PBS and then soaked in MS for 15 min. The secondary antibody was applied for a 45 min period, followed by rinsing with C M F-PBS and a 15 min incubation in MS/GS. Several dilutions of antibodies were used to determine the concentrations of primary and secondary antibodies that optimized staining. Final rinses in C M F-PBS and distilled deionized water were performed before mounting in media containing 10 mg /ml p-phenylenediamine (Sigma). C ells were then visualized using a confocal microscope (Bio-Rad MRC1024, Hercules, CA), and images were stored in digital format (Challacombe et al., 1996) . Omission of the primary antibodies resulted in no staining.
Characterization of NGF-coated beads. As determined by optical density measurements of the NGF that did not bind to the beads (n ϭ 4, 44 Ϯ 1.4 g NGF bound to beads), each bead is expected to have bound 2 pg of NGF. Because the beads have a 10 m diameter and NGF is expected to have bound uniformly on the surfaces of beads, this means that the density of NGF bound at the surface of the bead was ϳ6 fg/m 2 . Admittedly, we do not know the orientation(s) at which NGF bound to the surface of the beads. The reaction used to couple the proteins to carboxylated beads is expected to have linked L-, H-, and A terminal groups with the activated C terminal groups on the surface of the bead. Therefore, the NGF molecule may have adopted several orientations on the beads.
Using neuritogenesis as a bioassay, we have noted that a small amount of NGF appears to detach from the beads during extended time periods (Ն24 hr; data not shown). However, because our experiments were performed during the first 3 hr after bead addition to cultures, it is unlikely that microgradients of NGF formed around the beads. In addition, as noted in Results, guidance by NGF-coated beads required filopodial contact, and the contacting filopodium behaved differently from adjacent noncontacting filopodia.
RESULTS

DRG growth cones turn toward contacts with NGF-coated beads
With 0.05 ng /ml NGF in the culture medium, 77% (n ϭ 27) of DRG growth cones that contacted an NGF-coated bead turned and migrated toward the bead (Fig. 1) . This low concentration of background NGF in the culture medium supports survival and neuritogenesis of NGF-dependent neurons without saturating trkA NGF receptors. In contrast, only 18% (n ϭ 22) of growth cones turned toward beads coated with cytochrome-C (cyto-C, a protein with the approximate size and charge of NGF) (Fig. 1) . In a separate experiment using a higher NGF background (1.0 vs 0.05 ng/ml), 22% (n ϭ 18) of growth cones turned toward cyto-C beads. Hence, 20% was regarded as the control level of turning toward protein-coated polystyrene beads of this size and density.
During interactions with NGF-coated beads, growth cones exhibited the following characteristic sequence of behaviors: (1) a filopodium contacted the bead, (2) the contact was retained, (3) the contact became darker and thicker, (3b) sometimes the A, E xample of growth cone contact with an NGF-coated bead in the presence of 0.05 ng/ml background NGF. Initial filopodial contact was established (0 min). The filopodial contact underwent darkening /thickening (1.5 min). Engorgement of the filopodial contact by the growth cone cytoplasm occurred (5.5 min), and a new growth cone was subsequently formed underneath the bead (9 min, arrowheads point to filopodia extending from underneath the bead). B, E xample of growth cone contact with a cyto-C -coated bead. Although filopodial contacts occurred, the growth cones did not turn toward the bead. C, E xample of NGF-coated bead being picked up by the growth cone, followed by turning toward the initial position of the bead. The growth cone established an initial filopodial contact with the NGF-coated bead (0 min), and subsequently the bead was translocated from its original position onto the nerve fiber (5-7.5 min, arrow indicates the direction in which the bead was displaced). The growth cone then proceeded to migrate in the direction of contact with the bead (12.5 min), even though the bead was no longer present at its original location. D, E xample of aborted turn in the presence of 500 nM K T5926. The growth cone initially exhibited behavior characteristic of a turning response (0 -11 min, compare with A). However, the turn was subsequently aborted (20 min), and the growth cone continued migrating past the bead. Diameter of a bead, 10 m.
growth cone side-stepped (moved laterally) toward the bead, (4) the contact underwent engorgement (movement of cytoplasm into the filopodial or lamellipodial contact with the bead), (5) growth cone structures formed at the distal portion of the engorged contact, and (6) axonal elongation continued in a new direction that was dictated by the angle at which it had first contacted the bead.
T urning began with the formation of a stable contact of a filopodium or lamellipodium with an NGF-coated bead. Because of the curvature of the beads, it was impossible to be absolutely certain that a filopodium was contacting a bead. However, DRG filopodia and lamellipodia are highly dynamic, exhibiting protrusion, retraction, lateral /three-dimensional motion, and buckling. In control conditions on fibronectin substrata, the mean life span of a filopodium is 2.23 Ϯ 0.18 min (mean Ϯ SEM; n ϭ 57 filopodia sampled from 11 growth cones). Similarly, the mean time that filopodia spend at their maximal length is 1.63 Ϯ 0.15 min (mean ϩ SEM). Only 18 and 5% of filopodia have life spans Ͼ4 or 5 min, respectively. Hence, we defined a persistent contact with a bead as meeting the following two criteria: (1) the filopodium must appear to have contacted a bead, and (2) the apparent contact must be immobile for Ͼ5 min. The life span of filopodia that did not contact beads was not different across experimental and control groups (Dunn's nonparametric ANOVA, p Ͼ 0.05).
The manner of growth cone turning was related to the lamellar versus filopodial morphology of the growth cone -bead contact. Eight of nine growth cones that contacted beads with fan-shaped lamellae turned via cytoplasmic engorgement toward the NGFcoated beads. Only one side-stepped toward the bead. On the other hand, growth cones that exhibited either only filopodia or a mixture of filopodia and small transient lamellipodia at the time of contact engaged in combinations of side-stepping and engorgement of contacts to turn toward NGF-coated beads. Of the growth cones that turned toward NGF-coated beads, 48% of growth cones did so by localized engorgement, 37% underwent a mixture of side-stepping and engorgement, and 15% only sidestepped (n ϭ 21).
Qualitative observations indicated that turns were directed accurately toward the initial contact with an NGF-coated bead. To quantif y the accuracy of growth cone turning, we expressed the accuracy of a turn as the ratio of the angle of initial contact (␣) to the angle of the turn (␤; see Materials and Methods). This ratio is 1 if the angle of turn is the same as the angle of the initial contact, and deviates from 1 if the turn occurred to the left or right of the initial angle of contact. The average value of the ratio of the ␣/␤ measurements for growth cone turns during interactions with NGF-coated beads was 1.07 Ϯ 0.09 (mean Ϯ SEM), showing that growth cone turning toward NGF-coated beads was quite accurate. The mean angle of initial contact with NGFcoated beads (␣) was 40.7 Ϯ 4.7 (mean Ϯ SEM). T urning toward an NGF-coated bead was rapid, because engorgement of contacts with NGF-coated beads occurred 8.71 Ϯ 1.17 min (mean Ϯ SEM; range, 3-18 min) after the first persistent contact with a bead.
Three of the four growth cones that turned toward contacts with cyto-C-coated beads did so by engorgement, and one side-stepped (n ϭ 22; 0.05 ng/ml NGF background). In three instances, growth cones that contacted cyto-C beads extended small branch-like processes toward the bead, but these were not permanent, and because the growth cones did not turn, these were not scored as turns. Persistent filopodial contacts were observed in only 23% of interactions when growth cones did not turn after contacting cyto-C beads, or 38% of the interactions, if the aforementioned formation of transient branches are included in the analysis.
Immunocytochemical visualization of trkA and p75 receptors on NGF-treated DRG neurons
We used antibodies raised against the extracellular portions of the trkA (CTA) and p75 (Chex et al., 1991) receptors, to visualize the distribution of both types of NGF receptors on the surfaces of DRG neurons cultured overnight in 0.05 ng/ml NGF. As determined by Western blotting and immunostaining of non-neuronal cells engineered to express individual species of avian trk receptors, CTA is specific for trkA and does not recognize trkB or trkC (Oakley et al., 1997) . Staining of actin filaments with phalloidin-FITC was used to visualize filopodia and lamellipodia in relation to the distribution of the trkA and p75 receptors. p75 was expressed everywhere on the surface of DRG neurons grown in 0.05 ng/ml NGF (Fig. 2 A, B) . At 7 g/ml Chex, which gave optimal staining while minimizing background, 68% (n ϭ 125) of neurons stained brightly for p75, whereas 32% clearly exhibited less bright p75 staining. In faintly stained neurons, staining was faint over the entire cell. On well-stained neurons, p75 staining was found on the C-domain, as well as on lamellipodia and nearly all filopodia. Some non-neuronal cells, which by their morphology appeared to be Schwann cells, were also stained by anti-p75 (data not shown).
Almost all neurons (96%, n ϭ 47) that had extended nerve fibers in the presence of 0.05 ng/ml NGF exhibited bright somatic immunofluorescence with 25 g/ml anti-trkA. TrkA was also localized on nerve fibers as well as on growth cone filopodia, lamellae, and the C-domain (Fig. 2C,D) . Fibroblasts, as judged by the presence of stress fibers, did not stain for trkA (Fig. 2) .
Block of the turning response using trkA and p75 antibodies
The availability of antibodies against the extracellular portions of trkA and p75 receptors provided a means to test the role of these receptors in the turning of DRG growth cones toward NGF-coated beads. The Chex antibody has been shown previously to prevent the binding of NGF to the p75 receptor on avian neurons (Weskamp and Reichardt, 1991) . Because the bivalent trkA antibody CTA supports survival of DRG neurons in the absence of NGF, it may be that CTA activates the receptor by dimerizing trkA monomers. Fab fragments of CTA do not support survival of DRG neurons in the absence of NGF, and nor do they block the neurotrophic effects of NGF on DRG neurons (data not shown).
The anti-trkA antibody CTA was added to cultures concurrently with NGF-coated beads, resulting in a final IgG concentration of 25 g/ml, and experiments were initiated 30 min later. In the presence of anti-trkA, growth cones did not turn toward NGF-coated beads more frequently than toward cyto-C beads (Fig. 3, Table 1 ). Nerve fiber elongation and growth cone motility were not affected by the antibody. Persistent filopodial contacts, the first phase of the turning response, were established in 92% of interactions that did not result in growth cone turns, and in 30% of these cases, the growth cones reoriented toward the bead. However, the engorgement of filopodial contacts with NGFcoated beads and the migration of the growth cone underneath the bead did not occur. Hence, CTA did not prevent the formation of persistent contacts with NGF-coated beads and did not block the ability of some growth cones to orient toward the NGF-coated beads. However, CTA did prevent the local engorgement, which completes growth cone turning toward NGF-coated beads.
Blocking NGF binding to p75 receptors on DRG growth cones with the Chex antibody reduced the percentage of growth cones that turned toward NGF-coated beads, but to a lesser extent than did anti-trkA. Concentrations of Chex were used that were higher than those shown by Weskamp and Reichardt (1991) to fully block NGF binding to p75. In the presence of 14 g/ml Chex, 57% of growth cones turned after contact with NGF-coated beads (Fig. 3, Table 1 ), and persistent contacts occurred in 75% of interactions that did not result in growth cone turns. Fifty-nine percent of growth cones turned in the presence of 70 g/ml Chex (Fig. 3, Table 1 ), and 71% of interactions not resulting in growth cone turns involved persistent contacts. In both concentrations of Chex, even though persistent contacts were made, filopodia often did not appear to be stabilized by the contact. During 25% (14 g/ml) and 57% (70 g/ml) of persistent contacts, the shafts of the filopodia underwent buckling and /or bending, suggesting that the filopodia were not stabilized, although they retained contact with the NGF-coated beads. Chex did not affect the life span and movements of filopodia that did not contact NGF-coated beads. Hence, Chex did not totally block the ability of growth cones to respond to NGF-coated beads, although it did decrease the frequency of growth cone turning.
We examined the effect of an antibody against the extracellular portion of another neurotrophin receptor trkB, which is a highaffinity receptor for brain-derived neurotrophic factor (BDNF) and is expressed by some DRG neurons. The addition of 20 Inhibition of the turning response toward NGF-coated beads by the application of trkA and p75 receptor antibodies. In the presence of the trkA antibodies (C TA, 25 g/ml), growth cones did not turn toward NGF-coated beads more than toward cyto-C beads. Both 14 (C1) and 70 (C2) g/ml antibodies against p75 (Chex) diminished, but did not abolish, the turning response of growth cones toward NGF-coated beads. Antibodies against trkB (20 g/ml) or L1 (25 g/ml) did not affect the percentage of growth cones that turned toward NGF-coated beads. The percentage of growth cones that turned toward NGF-coated beads in the absence of antibodies (no Ab) is provided for comparison purposes. All experiments were performed with a 0.05 ng /ml background NGF concentration. g/ml anti-trkB did not significantly inhibit the turning of DRG growth cones toward NGF-coated beads (Fig. 3, Table 1 ). This result suggests that turning toward NGF-coated beads involves trkA receptors on DRG growth cones, but not receptors for other neurotrophins.
As a control for nonspecific effects of an antibody binding to growth cone surfaces, we added to the culture medium 25 g/ml of a polyclonal antibody against the extracellular portion of the cell adhesion molecule 8D9. This antibody recognizes a chick homolog of the adhesion molecule L1, and DRG growth cones and filopodia are stained strongly by this antibody (Letourneau and Shattuck, 1989) . This antibody did not disrupt the turning of DRG growth cones toward NGF-coated beads (Table 1) . Thus, turning toward NGF-coated beads was not affected by the binding of an antibody to an unrelated growth cone surface component.
Effects of soluble NGF on growth cone turning
To test f urther whether the trkA receptor has a role in growth cone turning to NGF-coated beads, we increased the background concentration of NGF, and asked whether growth cone turning was blocked when the NGF concentration in the culture medium was at or above the K d for trkA (ϳ1 ng /ml) or the K d for the pan-neurotrophin receptor p75 (ϳ40 ng /ml). Increasing the NGF background concentration inhibited growth cone turning in a dose-dependent manner (Fig. 4, Table 1 ). At 1.0 ng /ml NGF, the percentage of growth cones that turned toward an NGF-coated bead was decreased to 50% compared with 77% in the presence of 0.05 ng /ml NGF, and the presence of 10.0 ng /ml NGF decreased the frequency of turning to 30%. Thus, 10 ng/ml NGF reduced growth cone turns toward NGF-coated beads nearly to the frequency of turning toward cyto-C beads. In the presence of 10 ng /ml NGF, at least one persistent filopodial contact was observed in 92% of interactions that did not result in turning, indicating that 10 ng /ml NGF does not prevent stable contacts with the NGF-coated bead, but the response did not proceed to filopodial darkening/thickening and subsequent engorgement. NGF (100 ng/ml) (Fig. 4) reduced the frequency of growth cone turns toward NGF-coated beads to the same 20% level as turns toward cyto-C beads. The turning response was blocked by 100 ng/ml NGF at the filopodial darkening/thickening phase, whereas persistent contacts with NGF-coated beads were observed in 92% of the interactions that did not result in growth cone turning. Hence, growth cone turning toward NGF-coated beads was reduced nearly to the frequency of turning toward cyto-C beads in the presence of 10 ng/ml NGF, which is below the K d for p75 (40 ng/ml) and above the K d of the trkA receptor (ϳ1 ng/ml). Our finding that the presence of 100 ng/ml NGF further reduced turning toward NGF-coated beads to the same frequency that we observed with cyto-C beads supports the idea from our antibody experiments that both the trkA and the p75 NGF receptors are involved in the turning response (Table 1) .
Effects of bath-applied BDNF on the turning response
To further probe the role of the p75 pan-neurotrophin receptor in growth cone turning toward NGF-coated beads, we asked whether saturation of the p75 receptor with a different neurotrophin would impair growth cone turning. Because BDNF binds p75 but not trkA, we co-administered NGF-coated beads and 100 ng/ml BDNF (the K d for BDNF binding to p75 is ϳ40 ng/ml) to DRG neurons that were cultured overnight in 0.05 ng/ml NGF. This treatment reduced the percentage of growth cones that turned toward NGF-coated beads to 50% (Fig. 4, Table 1 ). Persistent filopodial contacts were made during 77% of interactions that did not result in growth cone turning. BDNF (10 ng/ml), unlike NGF (10 ng/ml), did not affect growth cone turning toward NGF-coated beads (Fig. 4, Table 1 ).
To test whether the interaction of the NGF-coated beads with p75 receptors could be sufficient for a turning response toward NGF-coated beads, we cultured DRG neurons overnight in the presence of 0.05-30 ng/ml BDNF and no NGF, and then presented growth cones with NGF-coated beads. The rationale for this experiment is to select for neurons with p75 and trkB, the receptor for BDNF, whereas neurons expressing trkA alone would not survive in the absence of NGF. We presented NGFcoated beads to BDNF-raised growth cones in the presence of 0.05, 10, or 30 ng/ml BDNF, but in no case did the growth cones selectively turn toward NGF-coated beads (Table 2) . Hence, growth cones of DRG neurons raised in BDNF did not respond specifically to NGF-coated beads beyond forming stable filopodial contacts with beads.
K252a blocks growth cone turning toward NGF-coated beads
K252a and KT5926 are related protein kinase inhibitors that affect a similar set of kinases (Hashimoto et al., 1991) . K252a, but not KT5926, also inhibits the autophosphorylation and subsequent signal transduction of trkA in response to NGF (Koizumi et al., 1988; Berg et al., 1992; Muroya et al., 1992; Nye et al., 1992; Tapley et al., 1992; Teng and Greene, 1994) . The addition of 100 nM K252a, a concentration that fully blocked trkA autophosphorylation in PC12 cells (Berg et al., 1992; Tapley et al., 1992) , inhibited growth cone turning toward NGF-coated beads (Fig. 5) without inhibiting growth cone motility during a 2 hr period after its introduction. However, in the presence of 100 nM K252a persistent filopodial contacts were established in 89% of the interactions that did not result in turning, and during 33% of Basal levels of turning toward protein-coated beads were 20% (i.e., cyto-C beads in both 0.05 and 1.00 ng /ml NGF); 77% of growth cones turned toward NGF-coated beads in the presence of 0.05 ng/ml NGF. Therefore, subtracting the basal level of turning toward beads, the specific response of growth cones to NGF-coated beads is represented by 77% Ϫ 20%, or 57%. To obtain the changes in growth cones turning toward beads relative to basal levels, we used the following, formula: relative percentage turning (RP T) ϭ (% turning Ϫ 20%)/57%. RPT ϭ 0% if growth cones did not turn more often than expected by basal turning levels, and 100% if the percentage of turning was equal to that of growth cones in 0.05 ng/ml NGF.
these interactions, growth cone reorientation was observed. In the presence of K252a, the turning response did not proceed further than the formation of stable filopodial contacts. Although the frequency of turning was not affected by 100 nM KT5926, 500 nM K T5926 did (Fig. 5) produce aborted growth cone turns toward NGF-coated beads. Some growth cones underwent the initial stages of engorgement of the contact, but engorgement was not completed and was eventually reversed (Fig. 1) . In addition, even when turning did occur, the time interval from initial contact with the bead to when the growth cone either turned toward the bead or continued migrating without turning was lengthened to 22.30 Ϯ 4.14 min (mean Ϯ SEM; p Ͻ 0.02 compared with 8.71ϩ1.17 min in the absence of any drug, Welch's t test). E xposure (1-2 hr) to 500 nM K T5926 did not decrease the elongation rate of DRG nerve fibers (Welch's t test, p Ͼ 0.05; n ϭ 56 and 67 for nerve fibers in the presence of K T5926 and 1:4000 DMSO, respectively), although 2 M concentrations of KT5926 halt nerve fiber growth (Teng and Greene, 1994) . Thus, in the presence of 100 nM K252a, growth cone responses to NGF-coated beads did not proceed f urther than the formation of the initial contact, whereas 500 nM KT5926 caused a partial block of growth cone turning at a late stage in the process. The vehicle for K252a and KT5926 (DMSO) did not affect the turning response (Fig. 5) .
DISCUSSION
We have developed a system for studying the guidance of growth cones by neurotrophins. On contacting an NGF-coated bead, NGF-responsive DRG growth cones turned and migrated underneath the bead. The turning response of growth cones involved the formation and stabilization of a filopodial contact with an The percentage of growth cones that turned toward cyto-C -coated beads in 0.05 ng/ml NGF is presented for comparison purposes and establishes the basal level of turning toward protein-coated beads. B, Adding 100 ng/ml BDNF to the culture medium (0.05 ng /ml NGF background) resulted in a decrease in the percentage of growth cones that turned toward NGF-coated beads, whereas 10 ng/ml BDN F did not have a similar effect. The percentage of growth cones that turned toward NGF-coated beads in 0.05 ng/ml NGF is presented for comparison. Figure 5 . K252a, but not its analog K T5926, inhibited the turning response toward NGF-coated beads. In the presence of 100 nM K252a, the percentage of growth cones that turned was not greater than that observed with cyto-C beads (see previous figures). Whereas 100 nM KT5926 had no effect on growth cone turning toward NGF-coated beads, 500 nM caused a decrease in the percentage of growth cones that turned. The vehicle for K252a and K T5926, DMSO at a concentration of 2.5 g/ml, did not affect growth cone turning. All experiments were performed with a background NGF concentration of 0.05 ng /ml. Concentration of BDN F refers to the concentration the neurons were raised in and that which was also present when NGF-coated beads were introduced to the cultures. Percent persistent contacts refers to the percentage of growth cones that did not turn after contact with an NGF-coated bead but that formed persistent contacts with the beads (see text for the definition of persistent contact).
NGF-coated bead, followed by engorgement of the contact and elongation of the nerve fiber toward the bead. Our data indicate that both low-and high-affinity NGF receptors are involved, albeit to different extents, in mediating this response. These results provide the first evidence of a role for a trk receptor in locally regulating nerve growth cone behavior.
The role of the high-affinity NGF receptor (trkA)
A necessary role for the trkA receptor in mediating turning toward NGF-coated beads is supported by three independent lines of evidence. First, antibodies against the extracellular domain of trkA blocked the turning response. Second, raising the extracellular NGF concentration to saturate trkA blocked the response. Third, growth cone turning was prevented by a concentration of K252a that inhibits trkA autophosphorylation and signaling. In all these instances, the initial filopodial contacts with beads were formed and maintained, but the growth cones did not turn toward NGF-coated beads more than toward control beads. The inhibition of turning by K252a is attributable to its block of NGF activation of trkA (Berg et al., 1991; Tapley et al., 1992) . Even though trkA receptors in the growth cone membrane bound NGF on the bead, K252a prevented trkA autophosphorylation and the subsequent signaling cascade. The response proceeded no further than formation of persistent contacts of filopodia with NGF-coated beads, suggesting that trkA-mediated signaling is required for the cytoskeletal changes that produce the filopodial thickening and subsequent engorgement.
What is the mechanism by which the soluble NGF and the trkA divalent antibody blocked the turning response? T wo, not mutually exclusive, alternatives are worth considering. Possibly, these molecules directly competed or interfered with the binding of filopodial trkA receptors to the bead-bound NGF, thereby interfering with local activation of trkA. In addition, both treatments might activate trkA over the entire growth cone and neuron. Indeed, 10 ng /ml NGF maximally stimulates trkA autophosphorylation in PC12 cells (Kaplan et al., 1991) . If local filopodial thickening and engorgement require local activation of trkA, both treatments would prevent this by activating trkA everywhere on the growth cone, rendering the growth cone unable to detect the bead-bound NGF.
The role of the low-affinity NGF receptor (p75)
Our data indicate that the p75 receptor is also involved in the turning response. This conclusion is supported by our findings that the incidence of persistent filopodial contacts with NGFcoated beads and the percent of growth cone turns toward NGFcoated beads were reduced by the Chex antibody, which blocks NGF binding to p75 (Weskamp and Reichardt, 1991) , and by saturation of the p75 receptor with 100 ng /ml BDNF, which competes with bead-bound NGF for binding to p75 receptors on filopodia. It should be noted that growth cones of DRG neurons cultured overnight in 0.05-10 ng /ml BDN F, which would express p75 but perhaps not f unctional trkA receptors, made persistent filopodial contacts with NGF-coated beads but did not turn more often toward them than toward cyto-C beads. These results are consistent with a proposal that the p75 receptor has a role in establishing filopodial contacts with NGF-coated beads. Based on published numbers of about 2000 trkA receptors and 23,000 -45,000 p75 receptors on a DRG neuron (Meakin and Shooter, 1992) , it may be that the tips of many filopodia express few or no trkA receptors. It is much more likely that the p75 receptors would mediate the first binding to NGF on a bead. These initial bonds may hold and expand the filopodial contact with a bead until the less numerous trkA receptors also interact with the bead-bound NGF. The p75 receptor may potentiate the interaction of trkA with the bead-bound NGF, as it does in the case of soluble NGF (Barker and Shooter, 1994; Lee et al., 1994b; Mahadeo et al., 1994) . The partial inhibition of turning by adding Chex or high BDNF to block binding of bead-bound NGF to filopodial p75 receptors indicates that p75 and its localized signaling is unnecessary for growth cone turning, and the results with BDNF-raised neurons suggest that expression of p75 is insufficient for turning toward NGF-coated beads. The issue of sufficiency would be clarified by genetic manipulations of cellular expression of individual receptor types.
A working model for the mechanism of the turning response
Collectively, our data suggest a model for the events of growth cone turning toward a source of NGF [ Fig. 6 A (growth cone filopodia sample the environment), B (a filopodium contacts a bead), and C (stabilization of the contact)]. At this point, trkAmediated signaling may begin (Fig. 6, shaded regions) . NGF binding to p75 and trkA may result in stabilization of the filopodium, preventing it from buckling. This stabilization may involve local accumulation of actin filaments in the filopodium, as was observed during growth cone turning in the grasshopper limb bud (Bentley and O'Connor, 1994) or in response to contacting the surface of a nerve fiber (Lin et al., 1994) . Because calcium regulates actin filaments in growth cones Letourneau, 1989, 1991) , these alterations in the cytoskeleton may involve a trkA-mediated rise in intracellular calcium levels (De Bernardi et al., 1996) . Fig. 6 D shows engorgement of the contact. The effects of K252a indicate that signal transduction through the trkA receptor is required for the engorgement of a stabilized contact with a bead. We suggest that an intracellular asymmetry in trkA activation occurs with the highest level of activation at the site of contact with the NGF-coated bead. The subsequent cascade of protein phosphorylation may initiate the recruitment of microtubules and organelles in the direction of contact, thereby causing a localized engorgement of the growth cone. Our data suggest that KT5926 blocks a kinase(s) that is downstream of trkA activation and is required to sustain cytoplasmic engorgement toward the site of contact. Indeed, concentrations of KT5926 greater than those used in this study inhibit NGFstimulated nerve fiber outgrowth and phosphorylation of a microtubule-associated protein (Teng and Greene, 1994) . Fig 6 E shows consolidation of the growth cone proximal to the contacts, and F shows emergence of the growth cone underneath the bead and migration in a new direction. These last two steps may not be selectively affected by the local NGF signal, but they are part of the normal events of nerve fiber elongation (Aletta and Greene, 1986; Goldberg and Burmeister, 1986) .
Relevance of the present findings to in vivo neurodevelopment
These results support a role for NGF in axonal morphogenesis and local nerve-target relationships. In vitro experiments (Letourneau, 1978; Gundersen and Barrett, 1979) showed that NGF can be a chemoattractant, although in vivo studies suggested that NGF is not a long-range chemoattractant in the peripheral nervous system (Lumsden and Davies, 1983; Davies et al., 1987) . However, recent studies indicate that neurons express NGF receptors before their axons reach their targets (Mu et al., 1993; Wyatt and Davies, 1993; Hallbook et al., 1995) , and NGF is expressed early by target tissues and by cells along developing axonal pathways (Ebendal and Persson, 1988; Elkabes et al., 1994; Yao et al., 1994; Hallbook et al., 1995) . Thus, NGF-receptor interactions may provide local guidance cues at intermediate points or when axons reach their targets. This would be an addition to the increasing number of tyrosine kinase receptors that are involved in axonal pathfinding (Goodman, 1996; McFarlane et al., 1996) . Interestingly, hepatocyte growth factor, which activates the receptor tyrosine kinase c-Met, has recently been shown to be a target tissue-derived chemotropic guidance cue (Ebens et al., 1996) .
Genetic manipulations of expression of NGF and the p75 receptors also suggest roles for NGF in regulating nerve fiber morphogenesis in target tissues. Hoyle et al. (1993) produced transgenic mice in which sympathetic neurons expressed NGF, creating a high NGF environment around the developing neuron. Sympathetic ganglia were greatly enlarged in these animals, and their axons exhibited normal pathfinding to their targets. Yet the growth cones of the NGF-expressing sympathetic axons failed to normally invade and arborize in their targets. However, this abnormal phenotype was reversed by additional manipulation to overexpress NGF in the target (Hoyle et al., 1993) . These in vivo experiments resemble our in vitro experiments in which elevation of the background NGF concentration prevented growth cone responses to NGF-coated beads. Transgenic NGF overexpression in heart also lead to cardiac hyperinnervation (Hassankhani et al., 1995) . Regarding the p75 NGF receptor, anatomical studies of p75 null mutant mice report decreased innervation of several targets by sensory and sympathetic axons and decreased arborizations by some NGF-responsive axons within their targets (Lee et al., 1994a) .
Thus, in view of these in vivo data, our results suggest a mechanism for local regulation of axonal morphogenesis by NGF. NGF-responsive growth cones may encounter high local concentrations of NGF that is either diff usible or bound to extracellular components. In such a situation, our data imply that the local activation of trkA on the growth cones would induce cytoskeletal rearrangements, resulting in directed migration and branching of the developing axons. 
